Abstract: A dynamic phase measurement method based on a two-step spatial carrierfrequency phase-shifting (TS-SCFPS) technique is proposed. First, by the subtraction operation between a pair spatial carrier-frequency interferograms with a certain phase shifts, which are captured by dual-channel interferometry system, we can achieve one-frame backgroundremoved carrier-frequency interferogram. Second, from two-frame phase-shifting subinterferograms splitting from the above background-removed carrier-frequency interferogram, we can rapidly achieve the accurate phase through using a two-step orthogonal and normalization algorithm. Compared with the existing SCFPS methods, the proposed TS-SCFPS method reveals good background deductions and antinoise performance. Moreover, by using a two-step phase-shifting algorithm, without any special requirement for the phase shifts, the proposed TS-SCFPS method can rapidly achieve high-accuracy phase retrieval relative to other SCFPS methods. Especially, the achieved experimental results demonstrate the outstanding performance of the proposed TS-SCFPS method in both static and dynamic phase measurements.
Introduction
Phase-shifting interferometry (PSI) [1] , revealing the advantages of high accuracy, non-intervention, non-damage and real-time, has been widely used in micro-nano scale measurement. Usually, the temporal domain PSI method needs to capture a sequence of interferograms with known phase shifts in different time points. To solve the problem with unknown phase shifts, the advanced least square iterative algorithm (AIA) [2] , principal component analysis (PCA) [3] and normalized orthogonal phase-shifting algorithm (NOPSA) [4] are proposed. In addition, due to the temporal PSI method is difficult to achieve dynamic phase measurement, and the corresponding results are easily affected by external disturbance. And to reduce the influence of various external disturbances during the phase-shifting procedure, many two-step phase-shifting (TSPS) methods are introduced, in which Gram-Schmidt orthonormalization (GS) algorithm [5] , orthogonality of diamond diagonal vectors (DDV) algorithm [6] and regularized optical flow algorithm [7] should be good candidates due to their rapid speed and high accuracy. Though above these TSPS, AIA, PCA and NOPSA methods can achieve accurate phase from two-frame or multi-frame interferograms with unknown phase shifts, the result of phase retrieval is affected by the shape and fringe number in interferogram [4] . In addition, the degree of background elimination also affects the accuracy of phase retrieval. To solve these problem, the simultaneous spatial phase-shifting (SSPS) and spatial carrier frequency phase-shifting (SCFPS) methods are developed to achieve dynamic phase measurement.
Based on the polarization interference principle, the SSPS method can perform dynamic phase measurement through using one pixel-polarization camera or multiple conventional cameras. The polarization camera is a kind of image acquisition device through preparing linear polarizer template on the image sensor, in which each group polarization imaging unit is consisted of four pixels with the successive phase shifts of π/2. By combing the polarization camera and orthogonal polarization interference system, we can simultaneously achieve four-frame interferograms with the successive phase shifts of π/2. Using the pixel-polarization camera [8] , [9] , the dynamic phase measurement can be achieved through using one interference channel, so the corresponding experimental system is very simple. However, this method needs a special-made pixel polarization camera, and the difference of phase shifts between different pixels usually appear, thus the accuracy of phase retrieval is affected by different pixels, which are corresponding to different phase information. In addition, multi-channel and multi-camera method needs more than two cameras [10] - [12] , so the difficulty of experimental system calibration and the amount of data acquisition will be increased. To address this, we introduce the spatial carrier phase-shifting (SCFPS) technique into dual-channel interferometry (DCI) system [13] , in which one-frame spatial carrier frequency interferogram is split into multi-frame phase-shifting sub-interferograms, and the corresponding phase retrieval can be achieved by phase-shifting algorithm [14] - [18] . Clearly, this SCFPS method can solve not only the application problem of phase-shifting algorithm in dynamic phase measurement, but also avoid the slow calculation speed of Fourier transform algorithm. In recent years, how to accurately and rapidly achieve phase retrieval from the spatial carrier frequency interferogram without the phase shifts calibration in advance has attracted great attention [19] - [23] . In [19] , Xu et al. proposes a spatial carrier-frequency phase-shifting based on least square iterative (SCFPS-LSI) algorithm with high accuracy and stability, but the corresponding iterative procedure is time-consuming; In [20] , Du et al. introduces a spatial carrier-frequency phase-shifting algorithm based on principal component analysis (SCFPS-PCA) with rapid speed and good stability, but it is required that the phase shifts is uniformly distributed in a period and the carrier frequency is large enough, moreover, the variation of carrier frequency greatly affects the accuracy of phase retrieval. In [21] and [22] , the phase shifts is extracted with Fourier transform algorithm, and then the phase retrieval is achieved with least square algorithm. After that, by combining with the orthogonality of diamond diagonal vectors (DDV) [6] , Qiu et al. presents a novel SCFPS-DDV method with more rapid speed [23] . However, in above these SCFPS algorithms, there are still the disadvantages of insufficient accuracy and slow calculation speed due to a large number of phase-shifting sub-interferograms are needed and the obvious phase difference and background difference between phase-shifting sub-interferograms exist.
In this study, to take full advantage of phase-shifting algorithm in accuracy and calculation speed, we propose a novel dynamic measurement method based on two-step spatial carrier frequency phase-shifting (TS-SCFPS) technique, in which one-frame background-removed carrier frequency interferogram is achieved through using the subtraction operation between a pair of spatial carrier frequency interferograms with a certain phase shifts, and then split into two-frame phase-shifting sub-interferograms. Subsequently, the phase retrieval can be rapidly achieved through using twostep orthogonal normalization algorithm. Following, we will introduce the proposed TS-SCFPS method in detail.
Principle
In general, the intensity distribution of a pair of carrier frequency phase-shifting interferograms with a certain phase shifts can be expressed as
(1)
where x and y respectively denote the pixel coordinate, 1 ≤ x ≤ X and 1 ≤ y ≤ Y, X and Y are the number of row and column in interferogram; A (x, y), B (x, y) and φ(x, y) denote the background, modulation amplitude and measured phase, respectively; f 0x and f 0y are the spatial carrier frequency along x and y directions, respectively; δ 0 is the phase shifts between two-frame carrier frequency interferograms. By performing the subtraction between (1) and (2), we can achieve one-frame background-removed carrier frequency interferogram as
where
. If the surface of measured sample is smooth, it is reasonable to assume that the variations of A (x, y), B (x, y) and φ(x, y) are very slow, and their value between adjacent pixels of carrier frequency interferogram should be approximately same [3] , [5] . Thus, we can split the above backgroundremoved carrier frequency interferogram into two-frame phase-shifting sub-interferograms by
Here, 1 ≤ x ≤ X , 1 ≤ y ≤ Y , x and y denote the pixel coordinate, respectively, X and Y are the number of row and column of constructed sub-interferogram, in which
. By performing the simple addition and subtraction operations between (4) and (5), we have that
By respectively performing the normalization for (6) and (7), and then the division operation, we can achieve that
represent the model of I a (x , y ) and I s (x , y ), respectively; I a / I a and I s / I s denote the normalization of I a and I s , respectively. Because the fringe number in interferogram is large enough, it is easy to satisfy the condition requirement of (8) , and the corresponding δ can be extracted by (6) and (7) tan
For clarity, we give the flowchart of proposed TS-SCFPS algorithm, as shown in Fig. 1 . From the above theoretical derivation, it is found if a pair of spatial carrier frequency phase-shifting interferograms are captured with DCI system, without the requirement of phase shifts extraction in advance, the phase retrieval can be rapidly achieved through using two-step orthogonal normalization algorithm. For simplicity, we name this proposed algorithm as two-step spatial carrier frequency phase-shifting (TS-SCFPS) method. Compared with the single-channel SCFPS method, in which more than three-frame phase-shifting sub-interferograms are required, the proposed TS-SCFPS method utilizes only a pair of spatial carrier-frequency interferograms to achieve phase retrieval, and the corresponding calculation area will be reduced by a half, so the influence induced by the nonuniform distribution of carrier-frequency will be greatly lowered. In this study, all calculations are performed on a computer with CPU of Intel (R) Core (TM) i5-4460 and memory of 3.20 GHz and with the software of MATLAB.
Experimental Result
Experimental research is employed to verify the reliability of proposed TS-SCFPS method, in which a DCI system is employed (Fig. 2) . First, a stabilized He-Ne laser with the wavelength of 632.8 nm is utilized as the illumination source; the linear polarization light passes through a variable neutral density filter (ND) and a half wave plate (HWP), which are utilized to adjust the light intensity and polarization direction, respectively; then a polarization beam splitter (PBS1), which is utilized to not only produce an orthogonal polarization beam, but adjust the intensity ratio between reference beam and object beam through combining with HWP. Second, after being split by the PBS1, the transmission beam passes through the sample and microscope objective (MO2) as the object beam, and then is captured by CCDs with pixel size of 10 μm × 10 μm, in which the M is the mirror; and the reflection beam is utilized as the reference beam. Third, the reference beam is reflected by a piezoelectric ceramic transducer driven mirror (PZT/M) and passes through the microscope objective (MO1), and then forms interference with object beam on another polarization beam splitter (PBS2), in which the function of PZT is to achieve the matching and calibration of two CCDs. Actually, due to the localization of two CCDs in the experimental setup are not the same, it is needed to perform their spatial location matching operation; the existing matching method requires continuous acquisition of phase-shifting interferograms with unknown phase shifts, and the PZT is used to introduce phase shifts; moreover, to introduce the spatial carrier frequency, it is needed to ensure that the distance between PBS2 and MO1 is equal to the distance between PBS2 and MO2. Fourth, after the object beam and reference beam pass through a PBS2 and a quarter wave plate (QWP), two orthogonal circular polarization beams are generated. Fifth, the transmission beam is split into two circular polarization beams by a non-polarization beam splitter (BS) and two polarizers of P1 and P2 with the intersection angle π/4 relative to the polarization direction, and the carrier-frequency can be added by adjusting the system. Finally, a pair of interferograms with the phase shifts of π/2 can be simultaneously captured by CCD1 and CCD2, respectively [13] . And by adjusting the angle between the reference beam and the object beam, the carrier frequency in interferogram can be achieved. Using the above experimental setup, we measure the polyethylene balls with the diameter of 10 to 13 μm, which are baked and melted on the glass surface near the crown with the magnification of 70×. Fig. 3(a) and (b) give a pair of interferograms, in which the calculation area of interferogram is set as 174 × 185 pixels. For comparison, the phase achieved with the temporal phase-shifting method is utilized as the reference phase, as shown in Fig. 3(c) , in which 60-frame phase-shifting interferograms are utilized to perform phase retrieval with the advanced iterative algorithm (AIA) [2] . Fig. 2(d) presents the phase achieved with the proposed TS-SCFPS method, and Fig. 3(e)-(i) give the corresponding residual phase errors between the reference phase and the TS-SCFPS, SCFPS-LSI [19] , SCFPS-PCA [20] , SCFPS-FTLS [21] and SCFPS-DDV [23] methods, respectively. Moreover, the corresponding root mean square error (RMSE), peak valley value (PV) and calculation time of phase retrieval are shown in Table 1 . It is found that the proposed TS-SCFPS method reveals obvious advantages in accuracy and calculation time relative to other SCFPS methods.
Following, to verify the feasibility of proposed method in dynamic phase measurement, we choose the diffusion process of oil droplets on the water surface as the measured object. Experiment is conducted in an open environment with a temperature of 26°C and humidity of 70%, in which the size of interferogram is 1.4 mm × 1.4 mm. Fig. 4 shows the experimental result of the diffusion process of oil droplets on the water surface during 0 to 7 seconds, in which the time interval between adjacent interferograms is 100 ms and the total number of interferograms is equal to 70-frame. Fig. 4 
Numerical Simulation and Discussion
To further present the performance of proposed TS-SCFPS method, we preset a simulated phase distribution as ϕ(x, y) = 5 exp{−2 × 10 }; the size of simulated interference pattern is 300 × 300 pixels with pixel size of 10 μm × 10 μm. Moreover, it is assumed that carrier-frequency along x and y directions are the same and the difference between two adjacent pixels is 0.5 rad, corresponding to 2πf 0x = 2πf 0y = 0.5 rad/pixel. In addition, a Gaussian white noise with the mean value of 0 and standard deviation of 1 is added to the interference pattern. Fig. 5(a)-(c) give a pair of simulated interference patterns and the corresponding theoretical phase, and the deviation between the theoretical phase and the phases achieved with the TS-SCFPS, SCFPS-FTLS, SCFPS-PCA, SCFPS-LSI and SCFPS-DDV methods are shown in Fig. 6 , respectively. And Table 2 presents the corresponding RMSE, PV and calculation time of phase retrieval with different methods. Clearly, we can see that by using the proposed TS-SCFPS method, the background and noise in interference pattern have been eliminated effectively; moreover, the corresponding calculation area and the error induced by the uneven distribution of local carrier-frequency can greatly be lowered relative to other SCFPS methods.
Considering the noise, carrier frequency and maximum of phase distribution might affect the performance of proposed TS-SCFPS method. Following, we perform the corresponding simulation calculation, as shown in Fig. 7 . Fig. 7 (a) presents the RMSEs of phase retrieval in different carrier frequency corresponding to 2πf 0x = 2πf 0y = (0.5 rad/pixel ∼ 1.5 rad/pixel) in the case of the noise level with mean value of 0 and standard deviation of 1; and Fig. 7(b) gives the RMSEs of phase retrieval in different noise levels in the case of the Gaussian white noise with the mean value of 0 and standard deviation of 0.4 to 4, as well as the unchanged carrier-frequency of 2πf 0x = 2πf 0y = 0.5 rad/pixel. From Fig. 7(a) , we can see that the accuracy of phase retrieval are increased with the carrier-frequency in all above five methods, and the RMSEs of phase retrieval with the SCFPS-FTLS, SCFPS-PCA, SCFPS-LSI and SCFPS-DDV methods are almost the same, the larger of carrier-frequency, the higher accuracy of phase retrieval, indicating the influence of carrier-frequency distribution on the accuracy is lowered. In contrast, using the proposed TS-SCFPS method, the accuracy of phase retrieval is not sensitive to the carrier-frequency, and even if the carrier-frequency is changed, the proposed TS-SCFPS method can achieve accurate phase retrieval relative to other four methods. And from Fig. 7(b) , we can observe that though the accuracy of phase retrieval achieved with all above five methods are lowered with the increasing of noise level, and the RMSEs of phase retrieval achieved with the SCFPS-FTLS, SCFPS-PCA, SCFPS-LSI and SCFPS-DDV methods are almost the same, but the proposed TS-SCFPS method reveals good noise suppression ability relative to other four SCFPS methods. Moreover, if the carrier-frequency of 2πf 0x = 2πf 0y = 0.5 rad/pixel and the noise level with mean value of 0 and standard deviation of 1 are unchanged, Fig. 7(c) shows the RMSE of phase retrieval in different maximum of phase distribution. It is found that though the accuracy of phase retrieval achieved with all five methods are increased with the increasing of maximum of the phase distribution, but the proposed TS-SCFPS method has obvious accuracy advantage, which is almost unaffected by the phase variation, Fig. 7(d) shows the RMSE of phase retrieval in different phase shifts We can see that the accuracy of phase retrieval is low when the phase shifts is very small or close to 2pi but reveals high accuracy in other phase shifts. Actually, we can control our sampling to satisfy sampling theorem, and in this situation, the n × π (n = 1, 2, 3 . . .) phase shifts between two pixels will not appear. Further, it is found that no matter the adaptability of spatial carrier frequency variation, the noise suppression ability or the flexibility of phase distribution variation, the proposed TS-SCFPS reveals obvious advantages of accuracy and calculation speed relative to other SCFPS methods, and the main reason is attributed to twice utilization of two-step phase-shifting algorithm: First, by the subtraction operation between a pair of spatial carrier-frequency interferograms, one-frame background-removed carrier-frequency interferogram can be achieved. Second, the phase can be retrieved from two-frame phase-shifting sub-interferograms, which are split from the backgroundremoved carrier-frequency interferogram. For comparison, Fig. 8 shows the schematic for choosing and splitting phase-shifting sub-interferograms from the carrier-frequency interferogram with the proposed TS-SCFPS method and other SCFPS methods.
Conclusion
In this study, we propose a dynamic phase measurement method based on two-step spatial carrier frequency phase-shifting (TS-SCFPS) technique. First, by performing the subtraction operation between a pair spatial carrier-frequency interferograms with a certain phase shifts captured by DCI system, we can achieve one-frame background-removed carrier frequency interferogram. Second, twoframe phase-shifting sub-interferograms can be achieved by splitting above background-removed carrier frequency interferogram. Third, by using two-step orthogonal and normalization algorithm, we can rapidly achieve accurate phase from above two-frame phase-shifting sub-interferograms.
Compared with the existing SCFPS methods, the proposed TS-SCFPS method reveals good background deductions and anti-noise performance. Moreover, by using two-step orthogonal and normalization algorithm, without any special requirement for the phase shifts, the proposed TS-SCFPS method can rapidly achieve high accuracy phase retrieval relative to other SCFPS methods. Specially, both the simulation and experiment show the obvious advantages of proposed TS-SCFPS method in measurement range, calculation speed and accuracy compared with existing SCFPS methods, and without requirement for accurate phase shifts extraction in advance, low sensitivity to carrier-frequency. Importantly, the achieved experimental results demonstrate the outstanding performance of proposed TS-SCFPS method in both static and dynamic phase measurement.
